Ultra-fine grained specimens of 1050 Al alloy were produced by friction stir process (FSP), and also the influence of the tool rotation speed on the microstructure and mechanical properties was experimentally investigated. FSP was performed with only a single pass at tool rotation speeds ranging from 560 to 1840 min À1 . For 1350 min À1 and below, the hardness within friction stir processed zone (FZ) was higher on the advancing side than on the retreating side. However, around the FZ, no heat affected zone in which the hardness drops was formed. For 1840 min À1 , the hardness distribution was roughly uniform within the FZ. The average hardness of the FZ was isotropic and was increased by 37% compared with the cold-rolled 1050 Al alloy (starting material) with decreasing the tool rotation speed, i.e. with decreasing the grain size. During tensile deformation, the friction stir processed materials with grain sizes of 2 mm and below exhibited an abrupt stress drop phenomenon at very early stage, which was not accompanied by a further stress increase resulting from strain strengthening. On the contrary, grain sizes of 2$3 mm provided strain strengthening after a small stress drop. For grain sizes of 3$4 mm, stress reached a maximum value with strain strengthening after a continuous transition from elastic to plastic deformation with no abrupt stress drop. When the grain size was below 3 mm, there was no severe loss of total elongation because of a large local elongation after the stress drop. The total elongation increased with the grain size. The tensile strength was inversely dependent on the grain size and increased remarkably to even about 46% greater than that of the starting material. Therefore, it is evident that FSP is very effective in enhancing hardness and tensile strength of materials through grain refinement.
Introduction
The well-known Hall-Petch relationship 1) shows that grain refinement is highly effective in improving mechanical properties of materials, such as hardness and strength. For this reason, in many industrial fields, much attention has been focused on ultra-fine grained (UFG) materials with nanocrystalline and/or submicrocrystalline structures because of their unique characteristics. The UFG materials have been produced by an expanding variety of processing techniques, such as mechanical alloying (MA), 2) crystallization of amorphous precursors 3) and severe plastic deformation (SPD). [4] [5] [6] In especial, much effort has recently been concentrated on the SPD processes, such as equal channel angular pressing (ECAP), 4) accumulative roll bonding (ARB) 5) and high-pressure torsion (HPT), 6) because of their usefulness in producing bulk UFG materials. In these processes, grain refinement occurs as a consequence of dynamic recovery and recrystallization through the rearrangement of dislocations which are generated in large quantities within materials by very large plastic strains.
On the other hand, the friction stir process (FSP) has been actively studied as a new solid state welding technique of metallic materials, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] since its invention at The Welding Institute (TWI) in 1991. 22) The usefulness of this process as a welding technique has been demonstrated in a number of previous researches, especially for the Al alloys. 7, 8) In addition, previous researches associated with microstructure observations 9, 10, 14) have reported that, during this process, a large amount of plastic deformation is imparted to a workpiece material by the mechanical stirring action of a high speed rotating tool. As a result of this intensive plastic deformation, very fine equiaxed recrystallized grains are formed within the friction stir processed zone (FZ). These researches suggest that the UFG materials can also be produced through FSP like the above-mentioned SPD processes.
In this context, we focused our attention on this unique characteristic of FSP and have studied this process not as a welding technique but as a novel grain refinement process. [23] [24] [25] In our previous research, 25) 1050 Al alloy with submicrocrystalline structure was successfully obtained through only a single pass of FSP. This feature is clearly one of the unique advantages of the FSP technique, because ECAP and ARB generally require several passes. Furthermore, the mechanical properties, such as hardness and tensile strength, were also improved more than those of the coldrolled 1050 Al alloy (starting material), which resulted from the grain refinement effect. It was clarified from these results that the FSP technique is highly effective in producing UFG materials with excellent mechanical properties. It was also revealed that there was the difference in the hardness distribution between retreating side (RS) and advancing side (AS) for relatively low tool rotation speeds. However, the overall hardness distribution within the FZ was not examined in detail. In addition, although the qualitative evidences were shown, the tensile strength could not be investigated quantitatively, which resulted from the geometry of tensile test specimen.
Therefore, in the present research, the hardness and tensile properties of the friction stir processed (FSPed) specimens of 1050 Al alloy were quantitatively investigated in detail. Moreover, the influence of the tool rotation speed on their microstructure and mechanical properties was also experimentally investigated. Figure 1 shows a schematic representation of the friction stir process (FSP) in the present research. FSP was carried out under the same conditions as the previous research. 25) That is, cold-rolled plates of 1050 Al alloy were used as the workpiece materials. The dimensions of the workpiece were 45 mm wide Â 100 mm long Â 5 mm thick. A specially designed tool was composed of a cylindrical shoulder and a subconical pin. The shoulder diameter, pin height and maximum pin diameter were 7 mm, 3 mm and 3 mm, respectively. The tool was rotated clockwise at speeds ranging from 560 to 1840 min À1 , with the rotating pin inserted into the workpiece. The rotating tool was then traversed in the X-axis direction perpendicular to the rolling direction (Y-axis direction) of the workpiece material at a constant speed of 155 mmÁmin À1 . The tool rotation axis (Zaxis) was held perpendicularly to the workpiece surface. All FSP experiments were carried out with only a single pass at room temperature. In the present research, the FSPed specimens were respectively designated as FSP560, FSP980, FSP1350 and FSP1840 according to each tool rotation speed.
Experimental Procedure
For microstructural observations and Vickers microhardness tests, the FSPed specimens were cut along the X, Y and Z-axis directions. That is, the Y-Z and X-Z planes were the cross-sections perpendicular and parallel to the tool traverse direction (X-axis direction), respectively. The X-Y plane was the cross-section parallel to the workpiece surface. For the optical microscope observations, the cross-sections were polished and etched using a 0.5% hydrofluoric acid solution in distilled water at 0 C. The hardness tests were carried out at intervals of 0.5 mm under a load of 0.98 N. Tensile tests were performed at room temperature at a constant crosshead speed of 1.0 mmÁmin À1 . Figure 2 shows a schematic representation of the tensile test specimen. The tensile test specimens with a thickness of 1 mm were cut perpendicularly to the tool traverse direction from the FSPed specimens. They had two slit notches with a width of 1 mm and a depth of 3.5 mm at the center of the FZ. The tensile direction was Yaxis direction perpendicular to the tool traverse direction (Xaxis direction). The total elongation was calculated from the initial width of the notch and the crosshead displacement of the nominal stress-strain curve, assuming that the tensile deformation occurred in only the notch region. Figure 3 shows typical optical macrographs of the (a) Y-Z, (b) X-Z and (c) X-Y planes of the FSP560 specimen. In all the cross-sections, the FZ appears brighter than the unprocessed zone (UZ). The details of the microstructures associated with the FZ and the UZ were reported in the previous research. 25) In summary, the UZ had very high dislocation density and was composed of highly elongated large grains with subgrains because the starting material was as cold-rolled. On the other hand, in the FZ, the dislocation density was very low and very fine equiaxed recrystallized grains were formed. In addition, as the tool rotation speed decreased from 1840 to 560 min À1 , the recrystallized grain size also decreased gradually from about 4 to 0.5 mm. Figure 4 shows enlarged optical micrographs of the microstructural transition zones between the FZ and the UZ on each cross-section shown in Fig. 3 . On the RS (Figs. 4(a) and (b)), there was a comparatively wide transition zone. That is, the microstructure changed gradually from the UZ to the FZ without a distinct boundary. Contrarily, on the AS (Figs. 4(c) and (d) ) and on the X-Z plane (Fig. 4(e) ), the transition zone was narrower than that on the RS and the microstructure also changed more drastically between the UZ and the FZ. Thereby, the boundary between the FZ and the UZ was more clearly defined than that on the RS. In the X-Y planes (Figs. 4(b) and (d)), striped plastic flow patterns were observed comparatively clearly on both sides, i.e. the RS and the AS. However, there was a significant difference in the striped pattern between the RS and the AS. That is, on the RS (Fig. 4(b) ), the striped pattern was extended oppositely to the tool traverse direction (X-axis direction). On the contrary, on the AS (Fig. 4(d) ), it was extended in the tool traverse direction. The plastic flow pattern is formed during FSP by the deformation and transfer of materials resulting from the mechanical stirring action of the high speed rotating pin. 11, 15, 16) Therefore, it seems that the differences in the microstructure of the transition zone and the plastic flow pattern between the RS and the AS are attributable to the different plastic flow behavior of the material on both sides. The precise reason of these differences, however, has not yet been clarified and merits further research. Fig. 5(a) ) and X-Y plane 2 ( Fig. 5(d) ), there was significant differences in the hardness distribution between the RS and the AS. That is, the hardness within the FZ was higher on the AS than on the RS. The maximum hardness region was also located on the AS. These results suggest that the hardness distribution within the FZ was not symmetric with respect to the tool rotation axis (Z-axis). Moreover, in the transition zone between the UZ and the FZ, the hardness variation was more drastic on the AS than on the RS, as shown by intervals of the contour lines. This result corresponds to the microstructural difference mentioned above (Fig. 4) . For the FSP980 specimen ( Fig. 5(e) ), the FZ exhibited a somewhat lower hardness than that of the FSP560 specimen. However, the hardness distribution around and within the FZ exhibited the same tendency as the FSP560 specimen. For the FSP1350 specimen (Fig. 5(f) ), the hardness of the FZ decreased further but was higher than that of the UZ. With increasing the tool rotation speed, the hardness distribution in the FZ became more uniform and the hardness variation in the transition zone also more moderate.
Results and Discussion

Microstructure
Many previous researchers [17] [18] [19] [20] have reported that the heat affected zone (HAZ) was formed between the FZ and the UZ, in which the microstructure and/or the mechanical properties was modified without plastic deformation by experiencing a thermal cycle during FSP. In general, the mechanical properties, such as hardness and strength, dropped significantly in this zone because of coarsening of precipitates and/ or significant reduction or elimination of strain hardening effects. However, for the FSP560, FSP980 and FSP1350 specimens (Figs. 5(a)-(f)), there was no formation of the softened region around and within the FZ. In the previous research, 25) we have reported in detail the temperature profiles of the FZ during FSP at each tool rotation speed. To sum up, for the FSP560, FSP980 and FSP1350 specimens, the maximum temperature which the FZ reached during processing was about 190, 230 and 270 C, respectively. These temperatures are nearly equal to or considerably lower than about 260 C, i.e. the heat treatment temperature at which the strengthening effects of cold working are significantly reduced or eliminated for Al alloys. 26) Furthermore, the FZ was exposed only for an extremely short time at high temperature during FSP. These results mean that the absence of the softened region is because the UZ around the FZ was not affected by the frictional heat in terms of mechanical properties, although it might have experienced the thermal cycle during FSP.
On the other hand, for the FSP1840 specimen ( Fig. 5(g) ), the FZ exhibited a lower hardness than the UZ. In the FZ and transition zone, the difference in the hardness distribution between the RS and the AS almost disappeared. In other words, the FZ exhibited the nearly uniform hardness distribution. In addition, the softened region was slightly wider than the hardened regions of the FSP560 (Fig. 5(a) ), FSP980 ( Fig. 5(e) ) and FSP1350 (Fig. 5(f) ) specimens. From microstructural observations, it was clear that the softened region included not only the FZ but also the UZ around the FZ. As reported in the previous research, 25) for the FSP1840 specimen, the maximum temperature of the FZ rose to about 310 C which was much higher than about 260 C mentioned above. These results suggest that, for the FSP1840 specimen, the strengthening effects of cold working are significantly reduced in the UZ close to the FZ by experiencing the severe thermal cycle during processing. Figure 6 shows the average Vickers microhardness of the FZ on each cross-section of the FSP560 specimen. In all the cross-sections, the FZ exhibited the average hardness values nearly equal to about 48HV0.1. This result means that the average hardness of the FZ is isotropic. Therefore, it is possible to characterize the average hardness of the FZ in the Y-Z plane as that of the overall FZ. Figure 7 shows the average Vickers hardness of the FZ in the Y-Z plane as a function of the tool rotation speed. The error bar represents the standard deviation of the measured hardness. The broken line exhibits the average Vickers hardness of the cold-rolled 1050 Al alloy, i.e. the starting material. Many previous researchers associated with friction stir welding (FSW) of Al alloys 11, 12, 14, 21) have reported that the hardness of the FZ is less than or similar to that of the UZ. However, for the FSP560, FSP980 and FSP1350 specimens, the FZ exhibited a higher average hardness than the UZ. It is noteworthy that, for the FSP560 specimen, the average hardness of the FZ increased markedly, reaching a level about 37% greater than that of the UZ. 1050 Al alloy contains very small quantities of second phase particles and is classified into a non-heat-treatable alloy without age hardening. Accordingly, the hardness is primarily dependent on the grain size and the dislocation density. As reported in the previous paper, 25) in all cases, the FZ had much lower dislocation density than the UZ. However, for the FSP560, FSP980 and FSP1350 specimens, the FZ was composed of the very fine recrystallized grains less than 3 mm in size. These results mean that, for these specimens, the FZ has higher hardness values than the UZ because of its small grain size, i.e. the Hall-Petch hardening, in spite of its low dislocation density. On the other hand, for the FSP1840 specimen, the average hardness of the FZ exhibited a different tendency from those for the FSP560, FSP980 and FSP1350 specimens. That is, the FZ exhibited a lower hardness than the UZ in spite of its small grain sizes of 3$4 mm. As verified in the previous research, 25) this is because the Hall-Petch hardening in the FZ contributed less to the hardness than dislocation hardening in the UZ. In addition, the average hardness of the FZ increased significantly with decreasing the tool rotation speed. As reported in the previous paper, 25) the recrystallized grain size within the FZ decreased linearly from 4 to 0.5 mm when the tool rotation speed decreased from 1840 to 560 min À1 . Therefore, in comparing only the FZ, it is clear that this increase in the average hardness is a consequence of the grain refinement, i.e. the Hall-Petch hardening. That is, this hardness improvement in the present research could be attained by controlling the grain size via the tool rotation speed.
Tensile properties
As expected, for all tensile tests, necking and fracture occurred only in the notch region of the test specimens by local stress concentration effects. Figure 8 shows typical nominal stress-strain curves for the tensile deformation of (a) the cold-rolled 1050 Al alloy and the (b) FSP560, (c) FSP980, (d) FSP1350 and (e) FSP1840 specimens. For the cold-rolled material ( Fig. 8(a) ), the stress increased steadily with elastic strain at an early stage and then the flow curve exhibited a continuous type of transition behavior from elastic to plastic deformation which produces a yield point in the typical stress-strain curve of Al alloys. In the plastic deformation region, the stress increased with plastic strain and reached the maximum value because of strain strengthening, and then dropped continuously with further strain until fracture.
On the other hand, for the FSP560 (Fig. 8(b) ) and FSP980 (Fig. 8(c) ) specimens, the most interesting feature is the occurrence of a stress drop phenomenon that the stress increased almost linearly to the maximum value with tensile deformation and dropped suddenly at an early stage. This discontinuous transition is morphologically similar to the yield point phenomenon for the typical tensile deformation of low carbon steel, i.e., the stress increases linearly with elastic strain and then drops abruptly from the upper to the lower yield point. However, there were several different points in the tensile deformation behavior between these materials. For the FSP560 (Fig. 8(b) ) and FSP980 (Fig. 8(c) ) specimens, a noticeable yield point elongation was not observed after the abrupt stress drop. In addition, the stress drop was not followed by a further stress increase which resulted from strain strengthening. That is, for these specimens, the stress value at the drop point was characterized as the ultimate tensile strength. For the FSP1350 specimen ( Fig. 8(d) ), the strain strengthening occurred after the abrupt stress drop similarly to the low carbon steel. However, the strain strengthening was so small that the stress did not exceed the value at the stress drop point. Therefore, also for the FSP1350 specimen, the maximum stress value was shown at the drop point.
Meanwhile, for the FSP1840 specimen ( Fig. 8(e) ), the stress-strain curve showed a completely different tendency from those for the other FSPed specimens (FSP560, FSP980,  FSP1350) . Namely, the stress-strain curve exhibited a continuous transition behavior from elastic to plastic deformation with no observable stress drop as that for the coldrolled material (Fig. 8(a) ). After the continuous yielding, the stress increased gradually with strain strengthening over a very wide range of plastic strain and reached the maximum value and then decreased continuously to fracture. The sufficient strain strengthening was accompanied by the uniform elongation greater than anything else in the present research.
The plastic instability accompanied by the abrupt stress drop was observed also for some other Al alloys, such as 1100, 27) 3003, 28) 8014, 28) Al-6 mass%N 29) and Al-8.5 mass%Fe-1.2 mass%V-1.7 mass%Si. 30) For these kinds of Al alloys, the principal microstructural characteristics have been reported to consist of fine grains smaller than several micrometers in size and to have a low dislocation density, independently of manufacturing processes. These characteristics correspond also to the FSPed 1050 Al alloy which exhibited the stress drop phenomenon in the present research. Mahmudi 28) paid attention to the dislocation density and reported that the abrupt stress drop occurs as a result of the low dislocation density in the Al alloys before plastic deformation. In the present research, the FSP1840 specimen with relatively large grains (Fig. 8(e) ) had a very low dislocation density similar to the other FSPed materials which exhibited the distinct stress drop phenomenon. However, the observable stress drop did not occur in this FSPed material. It should be noted that the stress drop phenomenon occurred only for the FSP560 (Fig. 8(b) ), FSP980 (Fig. 8(c) ) and FSP1350 ( Fig. 8(d) ) specimens with grain sizes smaller than 3 mm, in marked contrast to the typical tensile deformation behavior of Al alloys with larger grain sizes. In addition, the severity of stress drop was inversely dependent on the grain size. These results suggest that, for the FSPed Al alloy, the difference in the tensile deformation behavior was attributable to the grain size rather than the dislocation density. Also in other previous researches, 27, 29, 30) the stress drop phenomenon did not occur for the Al alloys with relatively large grain sizes in spite of the very low dislocation density. Furthermore, Tsuji et al. 27) reported that this phenomenon occurred in UFG 1100 Al alloy with dislocation substructures produced by ARB. These results mean that, for the Al alloys, the stress drop phenomenon has close connection not with the dislocation density but with the grain size.
It is also noteworthy that, for the FSP560 (Fig. 8(b) ), FSP980 ( Fig. 8(c) ) and FSP1350 ( Fig. 8(d) ) specimens, the absence or lack of strain strengthening after the stress drop resulted in a small amount of uniform elongation. The uniform elongation decreased with increasing the tool rotation speed from 560 to 1350 min À1 , i.e. with increasing the grain size from 0.5 to 3 mm. Especially for the FSP560 (Fig. 8(b) ) and FSP980 (Fig. 8(c) ) specimens, the absence of strain strengthening suggests that the fine grain structure with the grain size smaller than 2 mm may somehow prevent dislocations from multiplying and interacting after the abrupt stress drop. In contrast, for the FSP1840 specimen ( Fig. 8(e) ), whose grain sizes ranged from 3 to 4 mm, the uniform elongation was greater than those of the other materials in the present research because of the enough strain strengthening. These results suggest that the grain size has influence on the strain strengthening in the tensile plastic deformation behavior of the FSPed Al alloy.
On the other hand, for the FSP1350 specimen ( Fig. 8(d) ), whose grain sizes ranged from 2 to 3 mm, the strain strengthening, although not large, occurred after the small stress drop. This result suggests that the FSP1350 specimen ( Fig. 8(d) ) exhibited the tensile deformation behavior near the critical conditions for the stress drop phenomenon and/or strain strengthening of the FSPed materials. Unfortunately, the precise mechanism for the influence of grain size on the stress drop phenomenon and strain strengthening has not yet been clarified. Figure 9 shows the average ultimate tensile strength and total elongation of the FSPed 1050 Al alloy as a function of tool rotation speed, with those of the cold-rolled 1050 Al alloy. The positive and negative error bars represent the maximum and minimum values, respectively. The average tensile strength of the FSPed specimen showed the same tendency as the hardness test result described above (Fig. 7) , since the tensile strength is closely proportional to the hardness (HV ¼ $ 3; where HV is the Vickers hardness and is the tensile strength). 31) Namely, the FSP1840 specimen exhibited a lower average ultimate tensile strength than the cold-rolled material. However, for the FSP560, FSP980 and FSP1350 specimens, it was significantly higher than that of the cold-rolled material. It is noteworthy that, for the FSP560 specimen, the average tensile strength increased markedly to even about 46% greater than that of the cold-rolled material. This remarkable enhancement of the ultimate tensile strength in the FSPed materials is attributable to their very fine grain sizes, i.e. the Hall-Petch strengthening, as that of the hardness mentioned above (Fig. 7 ). These results demonstrate that the FSP technique is highly effective for the mechanical property improvements resulting from grain refinement. Moreover, it should be noted that these significant improvements of the mechanical properties were realized through only a single pass of FSP.
In the meanwhile, for the FSP560, FSP980 and FSP1350 specimens, the uniform elongation was limited by the absence or lack of strain strengthening after the abrupt stress drop, as mentioned above (Fig. 8) . However, it is noteworthy that, for the FSP980 and FSP1350 specimens, the total elongation was higher rather than that for the cold-rolled material, with no extreme loss of the total elongation. These results are attributable to the large local elongation after the stress drop, as shown in Fig. 8 . Therefore, this result suggests that the enhanced hardness and tensile strength can be obtained with no severe loss of the ductility through FSP. The total elongation of the FSPed materials increased with increasing the tool rotation speed, i.e. with increasing the grain size. As a result, the largest total elongation was observed in the FSP1840 specimen with the uniform elongation larger than anything else in the present research.
Conclusions
Ultra-fine grained 1050 Al alloy specimens were produced through only a single pass of the friction stir process (FSP) at tool rotation speeds ranging from 560 to 1840 min À1 . The influence of the tool rotation speed on the microstructure and mechanical properties of the friction stir processed 1050 Al alloy was then experimentally investigated in detail. The following results were obtained.
(1) For 1350 min À1 and below, the hardness within the friction stir processed zone (FZ) was higher on the advancing side (AS) than on the retreating side (RS). In the transition zone between the FZ and the unprocessed zone (UZ), the hardness variation was more drastic on the AS than on the RS, corresponding to the microstructural difference. These results mean that the hardness distribution in the FZ is asymmetric with respect to the tool rotation axis. However, there was no formation of observable softened regions around and within the FZ. Increasing the tool rotation speed alleviated the violence of the difference in the hardness distribution in both the FZ and transition zone. In consequence, for 1840 min À1 , the FZ exhibited the nearly uniform hardness distribution.
(2) The average hardness of the FZ exhibited the nearly equal value in all the cross-sections which were perpendicular or parallel to the tool traverse direction or parallel to the workpiece surface, respectively. In addition, it was significantly increased to even about 37% greater than that of the UZ by the Hall-Petch hardening with decreasing the tool rotation speed, i.e. with decreasing the grain size.
(3) The FSPed 1050 Al alloy specimens with the grain sizes of 3 mm and below showed a discontinuous type of transition from elastic to plastic deformation which produced the abrupt stress drop phenomenon during tensile deformation. The severity of stress drop was inversely dependent on the grain size. In addition, for the grain sizes of 2 mm and below, the stress drop was not followed by strain strengthening. On the contrary, for the grain sizes of 3$4 mm, the stressstrain curve exhibited a continuous transition behavior followed by strain strengthening with no observable stress drop, similarly to that for the cold-rolled 1050 Al alloy. Especially for the grain sizes of 2$3 mm, the strain strengthening, although not large, occurred after a small stress drop. This result suggests that this material exhibited the tensile deformation behavior near the critical conditions for the stress drop phenomenon and/or strain strengthening of the FSPed materials.
(4) The average ultimate tensile strength of the FSPed materials was increased by the Hall-Petch strengthening with decreasing the tool rotation speed, i.e. with decreasing the grain size. As a result, it reached a level about 46% greater than of the cold-rolled 1050 Al alloy.
(5) Although the uniform elongation was very small, the FSPed materials did not exhibited an extreme loss of the total elongation, which was attributable to the large local elongation after the stress drop. The total elongation of the FSPed materials increased with increasing the tool rotation speed, i.e. with increasing the grain size.
(6) The FSP technique was highly effective for creating improved mechanical properties resulting from grain refinement.
